The online version of this article, along with updated information and services, is located on www.asas.org at Serials/Acq. Dept., Library on November 24, 2011 jas.fass.org Downloaded from ABSTRACT: The accuracy of 3 optical probes (HGP4 Hennessey Grading Probe, Destron-Feering PG-100 probe, and Giraldo to predict the carcass percentage of 5 alternative measures of carcass composition (fat-tissue-free lean, lipidfree soft tissue, lipid-free lean, total fat tissue, and soft tissue lipid) was evaluated on 203 barrows and gilts of 7 genetic populations. The optical probe backfat depths were more closely correlated (P < 0.001, 0.963 to 0.983) than the LM depths (r = 0.695 to 0.734). The optical probe backfat depths were related to lean percentage (r = −0.82 to −0.88), total fat tissue percentage (r = 0.84 to 0.88), and soft tissue lipid percentage (r = 0.86 to 0.87). Optical probe LM depths were weakly related (P < 0.05; r = 0.23 to 0.34) to measures of carcass lean percentage and total fat tissue percentage (r = −0.16 to −0.26). Fat-free lean percentage was predicted with residual SD (RSD) of 3.7% for equations including lastrib midline backfat thickness, 2.4 to 2.7% for equations including optical probe backfat and LM depth, and 2.3% for ribbed carcass measurements. The RSD for the optical probe equations ranged from 2.1 to 2.4% for lipid-free soft tissue percentage and from 2.0 to 2.3% for lipid-free lean percentage. The RSD for the optical probe equations ranged from 2.9 to 3.3% for total fat tissue percentage and 2.5 to 2.8% for soft tissue lipid percentage. Quadratic and cross-product variables of optical probe fat depth, LM depth, and carcass weight were significant (P < 0.05) and reduced the RSD of the equations. Optical probe backfat and LM measurements can be used to predict alternative measures of carcass composition. The predicted relationships in fatfree lean percentage to backfat depth were nearly identical for each optical probe. 
INTRODUCTION
Pork carcass and composition research has been conducted to evaluate model pig growth, estimate nutrient requirements, and evaluate pork production systems (Schinckel and DeLange, 1996; Wagner et al., 1999; Schinckel et al., 2008b) . Alternative end points have included physically dissected muscle and fat tissue mass, fat-free lean mass, and soft tissue lipid (STLIP) mass (Hedrick, 1983; Liu and Stouffer, 1995; Schinckel et al., 2001) .
Recently, 2 methods of separating the carcass soft tissue have been used: 1) adjust dissected lean (muscle tissue) to a fat-tissue-free or fat-standardized basis (Fahey et al., 1977; Orcutt et al., 1990; Wagner et al., 1999) , and 2) adjust carcass soft tissue mass for the chemically determined lipid content, lipid-free soft tissue (LFSTIS; Brannaman et al., 1984; Cisneros et al., 1996; Swensen et al., 1998) . These 2 methods of determining and measuring carcass composition are similar but may be predicted with different levels of accuracy.
Currently, the majority of US, Canadian, and European pork processors use either carcass ultrasound or optical probe measurements to predict carcass lean composition and carcass value (Berg et al., 1999; Fortin et al., 2004) . The accuracy of prediction equations is evaluated as the residual SD (RSD) for carcass lean percentage (European Community, 1994; Engel et al., 2004; Fortin et al., 2004) . Carcass measurements collected by optical probes are subject to operator and random measurement errors (Boland et al., 1995; Olsen et al., 2007) .
The first objective of this research was to evaluate the use of 3 alternative optical probes to estimate alternate carcass end points. The second objective was to quantify the amount of measurement error for the optical probe measurements and its impact on the prediction equations developed.
Slaughter Procedures
Pigs were removed individually from the research trial when they attained their predetermined target slaughter BW of 100, 114, 128, or 152 kg. Slaughter procedures are described in Wagner et al. (1999) . Pigs were transported 5 km to the Purdue University abattoir, where they were given access to water and slaughtered within 6 h after arrival. The pigs were weighed at the abattoir (slaughter BW), stunned, hoisted by 1 hind leg, and immediately exsanguinated. All blood was collected from each pig. Pigs were scalded and mechanically dehaired using conventional methods. The head was removed at the atlas vertebra, weighed, and split into halves along the median plane. All visceral organs, minus gastrointestinal contents, and leaf fat were weighed. The carcass was split along the dorsal midline and weights of the 2 carcass halves were taken. The left carcass side and left head side were immediately frozen. The right carcass side was placed in a 2°C chilling cooler for a minimum of 20 h before being placed in a 2°C holding cooler. At approximately 45 min after exsanguination, the right side of each carcass was probed at 0.7 cm from the midline with 3 electronic probes (HGP4 Hennessy Grading Probe, Hennessy and Chong, Auckland, New Zealand; PG-100, Destron-Feering, Saint Paul, MN; PG-200, Giraldo OPTO-Electronic, Aichash, Germany) between the third and fourth ribs and anterior from the last rib.
The right sides were placed in a 2°C chilling unit for at least 24 h before further carcass measurements were taken. Backfat thickness, including skin, was measured with a ruler over the midline opposite the last rib (BFLR). The right side of each carcass was ribbed between the 10th-and 11th-rib positions before fabrication. Loin muscle area (LMA) and fat depth (FD10R) measurements (three-quarters of the length of the transverse section of the exposed LM) were taken between the 10th and 11th ribs. Carcass measurements were taken by the same individual throughout the trial.
The right side of each carcass was fabricated into trimmed wholesale cuts as described by the Pork Carcass Evaluation Committee of the Reciprocal Meats Conference (Reciprocal Meats Conference, 1952) . Weights were taken of the untrimmed and trimmed cuts of ham, loin, butt, and picnic. Other components of the carcass (belly, spareribs, neck bones, jowl, feet, and tail) were also weighed. Tissue trimmed from the cut was separated into lean, fat, and skin and weighed.
Each trimmed primal cut (ham, loin, butt, and picnic) was separated into lean, intermuscular fat, subcutaneous fat, skin (if present), and bone. Lean from the trim of each cut was combined with the dissected lean of the respective trimmed cut after weighing. Dissected lean from each of the 4 primal cuts was individually Main effect of BW group is significant (P < 0.001); least squares means for carcass wt were adjusted to the mean BW of each target BW group. mixed and ground (Model 4146SS meat grinder, Hobart, Troy, OH) 3 times through a 0.32-cm plate. After grinding, a random 0.5-kg subsample was collected and homogenized. A pooled lean sample was prepared by collecting and homogenizing a proportional ground lean sample from each of the primal cuts. The dissected fat (trimmed, subcutaneous, and intermuscular) from the ham, loin, butt, and picnic was combined into a single pooled fat sample after weighing; skin and bone were discarded after their weights were recorded. Dissected fat was ground once through a 1.27-cm plate and twice through a 0.32-cm plate before a 0.5-kg sample was collected and homogenized. The belly, spareribs, neck bones, jowl, feet, and tail were separated into skin, bone, and other soft tissue (combination of lean and fat). The other soft tissue was ground 3 times through a 0.32-cm plate before a 0.5-kg sample was collected and homogenized.
Protein percentages were determined with standard Kjeldahl procedures (AOAC, 1990) . Triplicate 2-g samples from each sample were analyzed for percentage of ether-extractable lipid with the Soxhlet extraction procedure (AOAC, 1990) . Moisture was calculated by weight loss, as a percentage of the original sample weight, after drying for approximately 4 h in a 105°C convection oven. Ash was calculated by the difference in weight loss, as a percentage of the original sample weight, after drying a 5-g sample for 4 h at 110°C and then ashing 8 to 10 h at 675°C in a muffle furnace.
Determination of the Mass or Soft Tissue Components
Two methods were used to divide the carcass soft tissue into 2 measures of carcass composition. The first method is to partition the soft tissue mass into fat-free lean mass (FFLM) and total carcass fat tissue (TO-FAT). The second method, based largely on chemical analysis, partitions the soft tissue into LFSTIS and STLIP.
Fat-free lean mass is a measure of the dissected carcass lean muscle after accounting for the predicted amount of fat tissue remaining in the dissected lean (Fahey et al., 1977; Schinckel et al., 2001) . Thus, to determine FFLM, the total fat tissue mass, including connective tissue, water, and ash mass associated with adipose tissue, must be taken into account (Fahey et al., 1977; Orcutt et al., 1990; National Pork Producers Council, 1994) . This method defines fat as a tissue containing adipose cells, connective tissue, cytoplasmic lipids, water, and other constituents as defined by the NC-91 Regional Project Committee (Allen et al., 1976) . The lipid percentage of the dissected lean in each of the 4 lean cuts and other soft tissue was adjusted to include the mass of the other components of fat tissue (water, protein, and ash). This adjustment was attained by dividing the percentage of lipid in the dissected lean of each of the 4 lean cuts and other soft tissue (CL%) by the percentage of lipid in the pooled dissected fat sample (CLF%). Calculation of FFLM of each of the 5 carcass components (4 lean cuts and other soft tissue) was determined with the following equation: FFLM = DL[1 − (CL%/CLF%)], where DL is dissected lean or other soft tissue mass. Total carcass FFLM was estimated as the sum of the FFLM of each of the 4 lean cuts and other soft tissue. Total carcass fat is the fat tissue contained within the carcass soft tissue. Total carcass fat is the sum of the dissected fat plus the predicted amount of dissected fat (CL%/CLF% × DL), where DL is the dissected lean mass of the 4 lean cuts and other soft tissue.
Lipid-free soft tissue mass was calculated as the sum of the lipid-free mass of each of the 6 carcass components (dissected lean of the 4 primal cuts, other soft tissue, and pooled dissected fat sample). The lipid-free mass of each component = component mass × [1 − (CL%/100)], where CL% is the percentage of lipid in each component. Lipid-free soft tissue mass is the total lipid-free mass of the carcass soft tissue (Schinckel et al., 2001) . Thus, LFSTIS could also be obtained by separating the carcass soft tissue and conducting lipid extraction on samples of the soft tissues (Brannaman et al., 1984; Gresham et al., 1994; Cisneros et al., 1996) .
Carcass soft tissue lipid mass was calculated as the sum of the lipid mass of each of the 6 carcass components. The lipid mass of each component equals component mass × CL%. Both sets of carcass composition variables sum to soft tissue mass: soft tissue mass = FFLM + TOFAT = LFSTIS + STLIP (Schinckel et al., 2001) .
A new carcass end point, lipid-free lean (LFLEAN; NPB, 2000), was also evaluated. Lipid-free lean was calculated as the sum of the lipid-free mass of the dissected lean of the 4 primal cuts and other soft tissue. Lipid-free lean was determined by the equation LFLEAN = DL (1 − CL%), where DL is the dissected lean of each of the 4 cuts and other soft tissue. It did not include the lipid-free mass of the dissected fat tissues from the 4 primal cuts.
Statistical Analysis
Least squares means were calculated with the GLM procedure (SAS Inst. Inc., Cary, NC) for each BW group with a model consisting of sex, BW group, genetic population, their interactions, and slaughter BW deviation (a covariate used to adjust the slaughter BW of each pig to the actual mean slaughter BW of the target BW group).
Regression equations for the prediction of the carcass percentage mass of each carcass composition end-point measurement were developed using the REG procedure of SAS. Independent variables, included in multiple regression equations, were grouped according to the type of measurements used (i.e., midline ruler, optical probe, and ribbed carcass measurements).
Two sets of equations were developed. The first set included only significant (P < 0.05) linear carcass mea-surement variables and carcass weight (CW). The second set of equations included alternative quadratic and cross-product variables of the carcass measurements and CW. Variables were added in a stepwise procedure at a significance level of P < 0.05.
The accuracy of each prediction equation was evaluated by R 2 , the proportion of the sums of squares of Y (dependent variable) attributable to the information obtained from the independent variables, and RSD (the SD of differences between the actual and predicted values). Residual values from each prediction equation were fitted as the dependent variable, and the effects of genetic population, sex, target BW, and their interactions were used as independent variables. Least squares means of the residual values for the genetic population, sex, and target BW subclasses yield estimates of subpopulation biases (Gu et al., 1992) . The residual values are the actual value minus the predicted value of carcass component percentage for each observation. Therefore, overestimation of the carcass component was indicated by negative residual values and underestimation was indicated by positive residual values.
The coefficient of correlation (CR) between the 7 predicted and observed genetic population means for genetic population was used as an overall approximate measure of genetic bias. The proportion of variation among genetic population accounted for by the equation was determined by the variance ratio (VR), which is the ratio of variances estimated for predicted sĝ 2 ( ) and observed s g 2 ( ) genetic population means, respectively. The prediction equations with VR less than unity tend to regress subpopulation means toward the overall mean (Gu et al., 1992) . The VR and CR equal unity if the variance among genotypes can be completely explained by the prediction equation (Gu et al., 1992) . Simple correlation coefficients, r, were computed to determine the association between dependent and independent variables.
In addition, BW group (P < 0.001), genetic population × BW (P < 0.01), and sex × BW group biases (P < 0.05) were found to be significant. Thus, based on these statistics and to produce variation in BW similar to that in previous research trials, the data were analyzed as 2 separate data sets, a light BW data set (target BW of 100, 114, and 128 kg) and an overall BW data set (target BW of 100, 114, 128, and 152 kg) . This resulted in mean and similar variation in BW as reported previously (Powell et al., 1983; Forrest et al., 1989; Orcutt et al., 1990; Gu et al., 1992) . The overall data set has greater mean and SD in BW and CW than a more recent trial (Johnson et al., 2004) . The 2 data sets were analyzed to evaluate if the mean and SD in BW would affect the accuracy of the equations developed and the independent variables included in the equations.
The accuracy of the optical probe measurements was evaluated by identifying the pigs that had all measurements for all 3 optical probes. The optical probe measurements were fitted to a model including the effect of pig identification number and machine by using the GLM procedure of SAS. The residual variance of this model is an estimate of the measurement error variance. The SD of the residual values of each pig for each measurement were a model including an intercept plus the linear effect of the mean value of the 3 optical probe measurements using the REG procedure of SAS. This provided a test of whether the SD of the measurement error was partially related to the actual values of the measurement.
The impact of measurement errors on the prediction of fat-free lean percentage (FFL%) was evaluated for the data set with all 3 optical probe measurements. Prediction equations for FFL% were developed that included the mean backfat and LM depth measurements of the 3 optical probes and were compared with the 3 equations using the measurements from each optical probe.
The differences in predicted relationships of FFL% to backfat depth for the 6 alternative optical probe equation (3 devices, linear only vs. addition variables) were evaluated by plotting the predicted FFL% on backfat depth at 100 kg of CW. The correlated change in LM depth per millimeter change in fat depth was predicted in 2 steps. First, the optical probe backfat and LM depth were regressed on CW by using the REG procedure of SAS. The residual values for LM depth (adjusted for CW) were regressed on the residual values for backfat depth.
RESULTS
The sex × target BW means for BW and CW are given in Table 1 . Abbreviations and definitions for the variables are given in Table 2. Table 2 also contains the overall and sex means for the light BW data (100, 114, and 128 kg) and overall data (100, 114, 128, and 152 kg). The SD for BW was greater (19.1 vs. 12.0 kg) for the overall than the light pig data. The SD of each variable was greater for the overall data because of the increased variation in BW and CW.
Off-midline backfat depth of the 10th rib and optical probe backfat depth measurements at the third to fourth last ribs had greater SD than BFLR, in agreement with the reports of Orcutt et al. (1990) and Gu et al. (1992) . The fat depths measured by the 3 optical probes had slightly smaller SD than FD10R.
Lipid-free soft tissue mass was 6.1 kg greater (44.6 vs. 38.5 kg) than LFLEAN mass for the light BW data and was 6.7 kg greater (47.8 vs. 41.0 kg) for the overall data set. This difference of 7.35 and 7.38% of CW is the lipid-free mass of the dissected fat tissue from the 4 primal cuts (Wagner et al., 1999; Schinckel et al., 2001) , which contained approximately 76% lipid.
Fat-free lean mass percentage had greater SD (4.6% light; 5.0% overall data) than LFLEAN percentage (LFLEAN%; 4.4 and 4.7%) and LFSTIS percentage (LFSTIS%; 4.2 and 4.4%). This is because LFSTIS% includes all and LFLEAN% includes part of the lipidfree fat tissue mass. The percentage of lipid-free fat tissue is negatively correlated (−0.44 to −0.50) with FFL% (Schinckel et al., 2001) . Any carcass end point (LFSTIS or LFLEAN%) that includes a fat tissue component, even the lipid-free component of the fat tissue, is less variable than FFL%, which is a measure of carcass muscle-tissue mass free of all fat tissue.
Total carcass fat percentage was 9.4 and 9.5% greater than STLIP percentage (STLIP%) in the light and overall data sets. Carcass fat tissue percentage had greater SD (5.8 and 6.3%, light and overall data sets) than STLIP% (5.3 and 5.6%).
The BW group × sex least squares means for the carcass composition percentages are reported in Table   3 . The overall genetic population least squares means for the light and overall data sets are reported in Table  4 . All carcass composition variables were affected (P < 0.001) by genetic population, sex, and BW group. Genetic population × BW group for both the interactions were significant for FFL%, TOFAT percentage (TOFAT%), STLIP%, and the light and overall data sets. In addition, a genetic population × BW group interaction occurred for LFLEAN% for the light data set. Genetic population × BW group interactions were not significant for LFSTIS% (P = 0.10 and 0.18 for light and heavy data set).
Genetic populations 1 and 5 had the least LFLEAN%, LFSTIS%, and FFL% and greatest TOFAT% and STLIP%. Genetic population 2 had the greatest (P < 0.01) lean mass percentages (FFL%, LFLEAN%, and LFSTIS%) and least STLIP% and TOFAT%. Effects of sex and BW group are significant (P < 0.001) for all variables. Sex × BW group interactions were not significant (P > 0.40).
Prediction of carcass composition
The least squares means for the optical probe and ribbed carcass measurements are reported in Table 5 . The optical probe backfat and LM depths were affected by genetic population (P < 0.01), sex (P < 0.015), and BW group (P < 0.001). Genetic population 2 had the least backfat depth and genetic population 1 had the greatest backfat depth. Although statistically significant, the relative differences between the genetic populations for LM depth were smaller than the differences in backfat depth.
The correlations among the carcass composition variables are presented in Table 6 . Fat-free lean percentage was strongly correlated with LFSTIS% (r = 0.925) and LFLEAN% (r = 0.981). Lipid-free lean percentage was strongly correlated with LFSTIS% (r = 0.977). Fatfree lean percentage had a greater negative relationship with TOFAT% (r = −0.961) than STLIP% (r = 0.911). This is expected because total carcass soft tissue percentage (approximately 81% of CW) is the sum of FFL% and TOFAT%. Lipid-free soft tissue percentage had a greater negative relationship with STLIP% (−0.948) than TOFAT% (r = −0.881). This is primarily due to between-pig variation in the percentage of lipid contained within the carcass fat tissue (Schinckel et al., 2001) .
The off-midline measurements of backfat depth had greater positive relationships with TOFAT% and STLIP% (r = 0.836 to 0.903) than with last-rib midline backfat thickness (r = 0.708 and 0.734). The offmidline measurements of backfat depth had greater negative relationships (−0.820 to −0.892) with FFL%, LFLEAN%, and LFSTIS% than with BFLR (r = −0.668 to −0.685). The correlations of FD10R with measures of CL% were slightly (−0.041 to −0.045) more negative and with STLIP% and TOFAT% were slightly (0.03 to 0.04) more positively related than the optical probe backfat depths.
Ribbed LMA had greater correlations with FFL%, LFLEAN%, and LFSTIS% (R = 0.418 to 0.436) than the measures of optical probe LM depth (r = 0.204 to 0.344). The Hennessy probe muscle depth (MD) measurement had slightly greater relationships (r = 0.310 to 0.344) with 3 measures of CL% than the LM depths of the other 2 optical probes (PG-200 and Destron muscle depths, R = 0.204 to 0.242). The LMA and LM depth measurements had relatively weaker negative relationships with TOFAT% and STLIP% than their positive relationships with FFL%, LFLEAN%, and LFSTIS%.
The correlations between the backfat measurements are reported in Table 7 . The optical probe backfat depths were closely related (r = 0.935 to 0.950) to FD10R. The 3 optical probe backfat depth measurements were closely correlated with each other (r = 0.963 to 0.982). Midline last-rib backfat thickness had only moderate relationships (r = 0.730 to 0.752) with the off-midline measures of backfat depth.
The correlations between LMA and the 3 optical probe LM depth measurements are reported in Table 8 . The 3 LM depths were moderately correlated (r = 0.659 to 0.741) with LM area. The 3 optical probe LM depth measurements were moderately related (r = 0.695 to 0.754) to each other.
Prediction equations for LFSTIS%, LFLEAN%, and FFL% are presented in Tables 9, 10 , and 11, and corresponding summary statistics describing biases associated with genetic population, sex, and BW group (residual value means) are presented in Tables 12, 13 , and 14. The number of observations varied among equations because of missing data. As expected, partial regression coefficients for measures of backfat depth were negative, whereas the coefficients for LMA and LM depth were positive. The RSD values for prediction of FFL% were greater than the RSD for LFSTIS% and LFLEAN%, which had similar RSD values. The Effects of genetic population, sex, and BW group are significant (P < 0.001) for all variables. Genetic population × sex interactions were not significant (P > 0.10) for any variables. The 7 genetic populations used were as follows: G 1 = synthetic hybrid; greatest RSD values were produced by a combination of CW and BFLR measurements (Eq. 1, see Table 9 ). The equations based on ribbed carcass measurements (CW, LMA, and FD10R) were slightly more accurate than the equations based on optical probe, LM, and backfat depth measurements. Prediction equations for LFLEAN% ( The addition of significant (P < 0.05) nonlinear optical probe LM and backfat depth measurements and CW increased the R 2 values from 0.02 to 0.05 and reduced RSD values from 0.06 to 0.25%. The regression coefficients for the optical probe (backfat depth) 2 were positive. This resulted in the derivative of carcass lean mass percentage (FFL%, LFSTIS%) on optical probe backfat depth decreasing as backfat depth increased.
The equations for the overall BW groups had greater R 2 values and RSD similar to prediction equations for the light BW groups. In several cases, prediction equations for the overall BW groups included additional variables (CW, backfat depth × LM depth, backfat depth × CW, LM depth × CW, LM depth/CW) than prediction equations for the light data set.
The predicted FFL% relative to optical probe backfat are presented in Figures 1, 2, 3, 4 , and 5. The predicted values of FFL% in a recent trial (Johnson et al., 2004) are presented in Figure 6 . The predicted FFL% for the equations that included only linear variables and the prediction equations that included additional quadratic and cross-product variables are shown. The equations including the additional variables predicted greater FFL% at backfat depths less than 17 mm and greater FFL% at backfat depths greater than 45 mm. The relationship of FFL% to backfat depth is very close to being linear for the equations including the cross-product and quadratic variables. The equations for FFL% for the optical probe devices produced nearly identical relationships between FFL% and backfat depth for both the linear equations ( Figure 4 ) and linear equations with additional variables (Figure 5 ).
The regression coefficients for LMA were similar for the LFSTIS% equations (Table 9 ) than for the FFL% equations (Table 11 ). The absolute values of the regression coefficients for optical backfat and LM depth were greatest overall for FFL%, intermediate for LFLEAN%, and least for LFSTIS%. These differences in the regression coefficients were caused by different relative growth rates of LFSTIS and FFLM and the different relationships each variable had with the carcass or optical probe measurements.
The magnitude of bias attributable to genetic population, target BW, and sex varied with the measure of lean mass and the independent variables included in the prediction equation (Tables 12, 13 , and 14). The majority of the equations underestimated (i.e., had positive residual values) the FFL%, LFSTIS%, and LFLEAN% for genetic populations 2 and 3. The majority of equations underestimated the FFL% and LFSTIS% of genetic population 5. All equations overestimated the FFL%, LFLEAN%, and LFSTIS% of the barrows and underestimated the lean content of the gilts. Overall, the prediction equations from optical probe and ribbed carcass measurements ranked the genetic populations correctly for the 3 measures of CL% (CR ranged from 0.88 to 0.97). However, Eq. 1 (see Tables 12, 13 , and 14) had substantially smaller VR values (0.32 to 0.43) than the other prediction equations (VR = 0.72 to 0.96). The VR for Eq. 1 indicated that the predicted subpopulation mean values were closer to the overall mean value than the actual subpopulation mean values (Gu et al., 1992) .
Prediction equations for TOFAT% and STLIP% are presented in Tables 15 and 16 . As expected, the regression coefficients for measures of backfat depth and CW were positive, whereas the coefficients for LMA and LM depth were negative. The equations for TOFAT% and STLIP% ranked the same in terms of accuracy as the equations for all 3 measures of carcass lean mass percentage. Equations that included standard ribbed carcass measurements (10th-rib backfat depth and LM depth) were most accurate based on RSD values. Equations including optical probe measurements were more accurate than equations including BFLR.
The RSD for STLIP% (2.29 to 3.78%) were smaller than the RSD for TOFAT% (2.69 to 4.70%). However, All correlations significant at P < 0.001. All correlations significant at P < 0.003. Sign. = significance; NS = not significant (P > 0.05).
Schinckel et al. Sign. = significance; NS = not significant (P > 0.05).
Prediction of carcass composition when expressed as a percentage of the mean, the RSD for STLIP% were greater (9.9%) than the RSD for TO-FAT% (8.9%). The R 2 values for the linear-only equations including optical probe backfat and LM depth measurements were 0.69 to 0.74 for TOFAT% and 0.70 to 0.78 for STLIP%. The inclusion of additional variables increased the R 2 values from 0.02 to 0.07. Summary statistics describing biases associated with the prediction of TOFAT% and STLIP% are presented in Tables 17 and 18 . Equation 1 including CW and BFLR had the greatest genetic population and sex biases. All equations overestimated the TOFAT% and LFSTIS% of the gilts and underestimated those of the barrows. In general, the prediction equations ranked the genetic populations properly (CR = 0.87 to 0.97). However, Eq. 1 including BFLR (VR = 0.49 and 0.42) predicted less variation for the genetic population means than the actual variation in genetic population means. There was no consistent pattern in the genetic population biases for TOFAT% and STLIP%.
The backfat and LM depth measurements for the pigs with all 3 optical probe measurements (n = 194) were fitted to a model including the effects of measurement device and pig identification number. The model accounted for 97.7% of the variation in optical probe backfat depth and had a residual variance of 2.22 mm 2 . The same model accounted for 81.4% of the variance in LM depth and had a residual variance of 12.44 mm 2 . The residual variance is a measure of the measurement error after accounting for the overall differences in the mean backfat and LM depth of each optical probe.
The regression of the pigs as RSD on their mean value of the optical probe measurement was significant (P < 0.05) for both backfat depths and for LM depth. This indicates that some of the residual variance is proportional to the actual value of the optical probe measurement.
The regression equation for FFL% including the mean fat and LM depth measurements from the 3 optical probe devices are presented in 
DISCUSSION
The objective of this study was to evaluate the accuracy of 3 optical probes to predict the carcass percentages of alternative measures of carcass composition. The majority of US and Canadian pork processors currently use either carcass ultrasound or optical measurements of backfat and LM depths to predict FFL% and estimate carcass value (Berg et al., 1999; Fortin et al., 2004) . Data from the pork processors could be used as inputs in growth models to estimate nutrient requirements Schinckel and DeLange, 1996; NRC, 1998) .
Two alternative methods were used to define pork carcass composition. The first method results in the carcass soft tissue being divided into 2 tissue fractions, FFLM and TOFAT. Numerous researchers have adjusted dissected carcass lean (muscle) mass to a fat-tissue- free basis (Fahey et al., 1977; National Pork Producers Council, 1994; Wagner et al., 1999) or fat-tissue-standardized lean basis (Powell et al., 1983; Grisdale et al., 1984; Siemens et al., 1989; Orcutt et al., 1990) . Equations predicting the fat-standardized lean (National Pork Producers Council, 1991) or fat-free lean (National Pork Producers Council, 1994) have been used by numerous swine researchers to evaluate the impact of nutrition (Cromwell et al., 1993; Edmonds et al., 1998; Mooney and Cromwell, 1999) , management (Brumm and Miller, 1996) , and ractopamine (Gu et al., 1991; Schinckel et al., 2003) on pig growth.
Fat-free lean gain has been used extensively to predict lysine and available phosphorus requirements (Schinckel and DeLange, 1996; Dritz et al., 1997; NRC, 1998) . Muscle tissue has elevated concentrations of lysine and other essential AA (Schulz and Oslage, 1976; Wunsche et al., 1983) . For this reason, predicted daily lysine requirements are proportional to daily FFLM gain (NRC, 1998) .
Other researchers have separated soft issue into LF-STIS and STLIP based on chemically determined lipid content (Brannaman et al., 1984; Cisneros et al., 1996; Swensen et al., 1998) . Carcass STLIP content is closely related to empty body lipid content (Schinckel et al., 2001 ).
An alternative measure of carcass composition is LFLEAN (NPB, 2000) . Lipid-free lean is the lipid-free mass of all dissected muscle tissue and other soft tissue containing a mixture of muscle and undissected fat tissue. The carcass end points for fat-free lean, TOFAT, LFSTIS, and STLIP mass are well defined (Schinckel et al., 2001) . However, LFLEAN is dependent on the amount of dissection and the quantity and composition of the fat tissue.
With complete dissection of muscle and fat tissues (Powell et al., 1983; Forrest et al., 1989; Orcutt et al., 1990; Berg et al., 1994) , the lipid-free mass of the dissected muscle would be nearly identical (1.5 to 2.7% greater) to FFLM. In this trial, the other soft tissue contained approximately 19% of the fat-free lean and 25% of the carcass fat tissue mass. In this study, LFLEAN% was approximately 7.5% greater than FFL%. With no physical dissection, LFLEAN is essentially LFS-TIS mass and will be approximately 23% greater than FFLM (Schinckel et al., 2001; Berg, 2003) . Overall, the equations including optical probe measurements were more accurate in predicting carcass composition than BFLR and were less accurate than equations including FD10R and LMA. Equations including BFLR had substantially greater genetic population and sex biases for all 5 measures of carcass composition. Other researchers have found that midline measures of backfat thickness resulted in substantial genetic population biases with an underprediction of lean mass of the leaner genetic populations and an overprediction of the fatter genotypes (Gu et al., 1992) .
The accuracy of each equation to predict the carcass percentage of any carcass component is primarily based on the correlation of the carcass component percentage and the measured backfat depth. Past trials have found correlations of −0.81 to −0.84 between off-midline backfat depth measurements and FFL% (Forrest et al., 1989; Schinckel et al., 2001) . Powell et al. (1983) found a correlation of 0.91 of FD10R with fat-standardized muscle percentage. Edwards et al. (1981) found a correlation of −0.88 between FD10R and percentage lean in the 4 lean cuts. Liu and Stouffer (1995) reported correlations of −0.81 to −0.84 between ultrasonic measures of backfat depth and carcass percentage of dissected lean in the 4 lean cuts. Berg et al. (1994) reported correlations of −0.770 and −0.850 between CL% and FD10R and optical probe backfat depth. The correlation between the percentage of any carcass component is affected by both the accuracy of the backfat depth measurements (Kempster et al., 1985; Schinckel et al., 2007) and the accuracy with which the carcass component mass is determined.
The mass of a carcass lean component (FFLM or LFSTIS) has greater relationships with CW (r = 0.70 to 0.79) than with backfat depth (r = −0.22 to −0.34; Forrest et al., 1989; Gu et al., 1992; Schinckel et al., 2001) . As the variation in CW increases, the correlation of CW with the lean component mass also increases. The R 2 and RSD statistics for the prediction of FFLM or LFSTIS are much less sensitive to measurement errors in the backfat depths and are more greatly affected by variation in BW than FFL% or LFSTIS% (Schinck- el et al., 2007, 2008a) . For this reason, the European Community has determined that the RSD for CL% is the best single measurement of the accuracy of predicting carcass composition (Cook et al., 1989; European Community, 1994) .
Fat-free lean percentage was predicted with RSD of 3.7% for equations including BFLR, 2.4 to 2.7% for equations including optical probe backfat and LM depth measurements, and approximately 2.3% for ribbed carcass measurements. As reviewed by Fortin et al. (2004) , the RSD of predicted lean yield percentage has usually ranged from 1.7 to 2.7%. Edwards et al. (1981) reported an RSD of 1.64% for CL% from standard carcass measurements. Liu and Stouffer (1995) reported RSD of 1.50 to 1.73% with an automated ultrasonic system. Fahey et al. (1977) reported an RSD of 2.0 for FFL% with an equation including FD10R and LMA. Powell et al. (1983) reported an RSD of 2.29% for dissected muscle standardized to 10% fat when the equation included FD10R and LMA. The RSD was reduced to 2.08% with the addition of CW to the equation.
A more recent trial found RSD for FFL% to range from 3.74 to 4.23% for either ultrasonic or optical probe measurements of backfat and LM depth and RSD of 4.32% for an equation including BFLR (Johnson et al., 2004) . Another trial reported RSD of 4.00 to 4.72% for FFL% with equations including either ultrasonic or optical probe measurements of backfat and LM depth and RSD of 4.89% with an equation including BFLR (Berg, 2003) . The reported SD of approximately 5% (Johnson et al., 2004) and 5.3% (Berg, 2003) indicate that these equations accounted for only a small percentage of the total variance in FFL%.
The RSD were smaller overall for LFLEAN% and LFSTIS% than for FFL%. The RSD for the optical probe equations ranged from 2.1 to 2.4% for LFSTIS% and from 2.0 to 2.3% for LFLEAN%. Cisneros et al. (1996) reported RSD ranging of 2.35 to 2.43% for LF-STIS% from carcass ultrasonic LM and backfat depth measurements.
The determination of LFLEAN% did not require the lipid extraction of the dissected fat tissue. Lipid-free The 0.05 to 0.07 greater R 2 and 0.3 to 0.5% lesser RSD values for the prediction of LFLEAN% in comparison with FFL% are a reflection of the pig-to-pig variation in the percentage of lipid extracted from the dissected fat tissue (CLF%) from the 4 lean cuts. Accounting for the amount of fat tissue mass remaining in the dissected lean and soft tissue also results in FFL% having a greater SD than LFLEAN%.
In the determination of FFLM, the assumption is made that the percentage of lipid of the undissected fat tissue within the dissected lean and any soft tissue muscle and fat tissue mixture is similar to the percentage of lipid contained within the fat tissue (Fahey et al., 1977) . If the lean and fat tissues are separated precisely and the amount of undissectable fat within the dissected lean is minimized, then the potential errors of the lipid percentage assumption are small. With complete separation of the muscle and fat tissues such that the dissected lean contains 7 to 8% lipid, assuming the undissected fat actually contains 71 to 81% lipid vs. 76%, causes a change of only 0.7% in FFLM. In previous studies (Powell et al., 1983; Forrest et al., 1989; Orcutt et al., 1990; Gu et al., 1992) , the muscle and fat tissues of all primal cuts were physically separated, including the belly, jowl, and spareribs.
However, the physical dissection of the belly, jowl, and ribs requires substantial effort and time, more than the physical dissection of the entire remaining carcass. In past research, the dissected lean from the belly, jowl, and ribs contained 13 to 17% lipid even with the most Sign. = significance; NS = not significant (P > 0.05).
Prediction of carcass composition careful dissection (Orcutt et al., 1990; J. C. Forrest, unpublished data) . In this trial, soft tissues from the spareribs, belly, and jowl were not physically separated into lean and fat tissues but were analyzed as a soft tissue mixture for lipid content. The carcasses in this trial contained 39% dissected lean from the 4 lean cuts (8% lipid), 24% dissected fat (76% lipid), and 18% other soft tissue (40% lipid; Wagner et al., 1999) . With the amount of physical dissection completed in this trial, a 5-percentage-unit error (71 or 81% vs. 76%) in the assumed lipid percentage of the undissected fat tissue results in a 1.9 to 2.2% error in the determination of FFLM. The amount of dissection was less in the more recent carcass composition trials. In the trial by Johnson et al. (2004) , approximately 33% of the muscle tissue was dissected, and this contained 5.77% lipid. Sixty-seven percent of the carcass muscle tissue and 54% of the carcass fat tissue were contained within other soft tissue pools (National Pork Board, 1999) . A 5-percentage-unit error in the assumed lipid percentage of the fat tissue would result in a 3% error in the determination of FFLM.
In another recent trial (Berg, 2003) , all carcass soft tissue was ground and sampled for lipid extraction. A fat tissue sample was obtained from the last rib of each carcass and analyzed for lipid content. Assuming the carcasses were 81% soft tissue, the soft tissue contained approximately 36% lipid. In this case, a 5-percentageunit error in the assumed lipid percentage results in a 5.6 to 6.4% error in the determination of FFLM.
The determination of TOFAT mass is also affected by the errors in the percentage of lipid in the dissected fat tissue (Schinckel et al., 2001) . If the carcass fat tissue is physically dissected (partially or completely), then LFSTIS% and STLIP% are also affected by the accuracy with which CLF% is determined.
In this trial, the prediction equations for FFL% had similar R 2 values (within 0.02) and 0.19 to 0.46% greater RSD than equations for LFSTIS%. The prediction equations for FFL% of Berg (2003) had R 2 values 0.11 to 0.24 less (range 0.171 to 0.454 vs. 0.286 to 0.678) and RSD values 1.31 to 1.65% greater than LFSTIS% (range 4.00 to 4.89% for FFL% to 2.36 vs. 3.50% for LFTIS%). Only extreme variation in the lipid extraction procedures could result in such decreased accuracy in the prediction of FFL%. The strong correlation between FFL% and LFSTIS% should result in prediction equations for FFL% and LFSTIS% having similar R 2 values.
The results of this study indicate that probe backfat depth is measured more accurately than LM depth. A. K. W. Tong and S. D. M. Jones (Agriculture and Agri-Canada Research Station, Lacombe, Alberta, Canada, unpublished data) had found correlations for Destron and Hennessy optical probe backfat depths of 0.99, 0.94, and 0.97 in 3 large trials (n = 3,604, 1,439, and 6,792) . The correlations between the LM depth measurements were 0.90, 0.59, and 0.77. Olsen et al. (2007) led a project to evaluate the repeatability and variation in the online backfat and LM depth measurements in 13 European countries. The correlations between repeated backfat measurements at the same location ranged from 0.94 to 0.98, whereas the correlations between the LM depth measurements ranged from 0.79 to 0.93. The SD of the difference for LM depth ranged from 2.31 to 4.70 mm. The RSD for LM depth in this study was 3.53 mm. Research conducted previously (A. Fortin, Agriculture and Agric-Canada Research Station, Lacombe, Alberta, Canada, personal communication) with repeated optical probe measurements revealed correlations of 0.955 for backfat depth and 0.791 for LM depth. The most recently published UFOM equation (Johnson et al., 2004) for FFLM predicted that pigs would achieve a minimal FFLM (and FFL%) of 43.74 kg at a backfat depth of 34 mm. Pigs with backfat depths of 25.5 and 44 mm are predicted to have 45 kg of fat-free lean (Johnson et al., 2004) . Pigs with backfat depths of both 27 and 40 mm are predicted to have 44.2 kg of fatfree lean. Pigs with backfat depths of both 20 and 45.5 mm are predicted to have 47 kg of fat-free lean. The UFOM equation for FFL% has predicted values identical to the FFLM equation for backfat depths from 12 to 17 mm. However, predicted FFL% decreased with increased backfat depths and the difference between the 2 UFOM equations increased as backfat depth increased (44.2 vs. 41.2% at a backfat depth of 29 mm, 43.7 vs. 38.7% at a backfat depth of 35 mm). The UFOM equations for FFL% and FFLM differ from each other and from the other equations (Johnson et al., 2004) .
The quadratic effects of backfat depth and other cross-product variables were significant for the optical equations developed in this trial. Addition of (backfat depth) 2 to the prediction equations increased the R 2 values by 0.0268 and reduced the RSD values by 0.126%. However, the relationships of predicted FFL% to backfat depth were not substantially different from equations including only linear variables. In this trial, the predicted relationships of predicted FFL% to backfat depth were essentially identical for each optical probe.
The European Community has set standards relative to the evaluation and use of methods that predict carcass lean yield (Cook et al., 1989; European Community, 1994) . The prediction equations were originally required to have an R 2 greater than 0.64 and an RSD of less than 2.5%. Later, the R 2 statistic was dropped because it was affected by the magnitude of variation in the carcass component and the carcass measurements.
The standardized European Community reference dissection method (Walstra and Merkus, 1996; Nissen et al., 2005) involves the physical dissection of carcasses in lean meat, fat, and bone. Currently, the United States has not established any requirements relative to the amount of physical carcass dissection and the accuracy of the prediction of any measurement of carcass composition. The European Community has established a requirement that the measurement method predict lean yield percentage with an RSD of 2.5% or less (European Community, 1994; Hulsegge and Merkus, 1997; Engel et al., 2004) . The measure of FFL% (muscle) has a greater SD and a slightly greater RSD than other measures of carcass leanness. Based on this trial, an RSD for FFL% of 2.8% of less and an R 2 of 0.68 or greater are achievable with currently available methods. Unfortunately, however, some published and currently widely used prediction equations have substantially greater RSD (Berg, 2003; Johnson et al., 2004) and account for a relatively small percentage of the true variation in CL%.
